Abstract. Cross sections of 12 13 C are evaluated for both neutrons and protons with incident energies up to 3 GeV. The evaluation is based on predictions from nuclear-model calculations and systematics as well as measurements. A nuclearmodel calculation-code system is developed using the GNASH code for energies less than 150 MeV and the JQMD code for those above 150 MeV. The evaluated cross sections are as follows: neutron total cross sections, nucleon elastic scattering cross sections and angular distributions, nonelastic cross sections, production cross sections and double-differential cross sections of secondary light particles (n, p, d, t, 3 He, α, and π) and gamma-rays, and isotope-production cross sections. The results are compared with available experimental data and the other evaluation.
INTRODUCTION
Neutron and proton nuclear-reaction data of carbon for incident energies above 20 MeV are required in various applications, such as shielding design of accelerator facilities, absorption dose evaluation in radiotherapy with neutron and proton beams, efficiency calculation of neutron detectors, and nucleosynthesis prediction of light elements, Li, Be, and B. To meet these requirements, the cross sections of 12 C were evaluated for energies up to 150 MeV [1] , and the result was included as a part of the LA150 library [2] . It is currently used for computer code simulations of accelerator-driven systems [3] , which treats the nuclear interaction of neutrons and protons with energies up to 150 MeV with materials. In such simulations, the Monte Carlo codes based on the microscopic simulation approach, e.g., the intranuclear cascade model, are built-in to deal with the nuclear processes for energies above 150 MeV, instead of the nuclear data library. Because of saving the computation time, however, cross-section data above 150 MeV are also requested for transport calculations of high-energy nucleons in a medium and estimations of isotope production.
In the present work, the upper energy limit of the LA150 data is extended and the cross sections of both 12 C and 13 C are newly evaluated for both neutrons and protons with energies up to 3 GeV on the basis of nuclear-model predictions and systematics as well as experimental data.
CODE SYSTEM USED IN EVALUATION
A flowchart of the model-calculation code system used in the evaluation is illustrated in Fig. 1 . A major code used in the energy range of 150 MeV and less is the GNASH code [4] , which is based on statistical HauserFeshbach plus preequilibrium exciton models to predict nuclear-reaction cross sections for particle and gammaray emissions.
The optical model is applied to predictions of the total, reaction, and elastic scattering cross sections. Optical model calculations are carried out using the OPTMAN code [5] based on the coupled-channel (CC) method with the nuclear Hamiltonian parameters determined by the soft-rotator model (SRM) [6] . The cross sections for inelastic scattering to low-lying excited states are also predicted by the CC-SRM calculations. Nucleon transmission coefficients obtained by the CC-SRM calculations are used in the GNASH calculations of particle and gamma-ray emission cross sections and isotopeproduction cross sections up to 150 MeV. Transmission coefficients for other composite particles (d, t, 3 He, and α) are calculated by the ECIS code [7] with global optical parameters mentioned in the next section.
The DWUCK4 code [8] is used for DWBA calculations of two direct transitions to low-lying discrete states for 12 
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based on the microscopic DWBA with a Yukawa-type effective interaction of range 1 fm whose depth is determined by normalizing available experimental data.
In the energy range above 150 MeV, the JQMD code [9] based on quantum molecular dynamics (QMD) plus statistical decay model (SDM) is employed. The QMD is a semiclassical simulation method to describe the time evolution of nucleon many-body system in a microscopic way, and was originally developed to analyze medium-energy heavy-ion collision processes. In the present work, the generalized evaporation model (GEM) [10] is incorporated instead of the original SDM used in the JQMD code. In the GEM, 66 nuclides up to Mg are treated as evaporation ejectiles not only in their ground states but also in their excited states. The decay width of each particle emission is calculated using Ignatyuk's level densities [11] to account for the energy dependence of the level density parameter.
The TOTELA code [12] based on systematics is used as a tool for evaluation of the total, elastic, and reaction cross sections. The Niita systematics [13] is used in the TOTELA code, with partial modification for the empirical formula of elastic angular distributions in which a fitting with experimental data is improved around the first minimum of the angular distributions. In addition, gamma-ray energy spectra are calculated with the ALICE-F code [14] . Double-differential production cross sections (DDXs) of light ejectiles in the laboratory (LAB) system are needed in transport calculations. The JQMD calculation above 150 MeV provides the DDXs in the LAB system, while the GNASH calculation yields the angle-integrated emission spectra in the center-of-mass (CM) system. The CM to LAB transformation using the two-body kinematics of one-particle emission [15] is approximate when applied to the whole emission spectra including multiparticle emissions, because the velocity boost used for this transformation is valid only for the first particle emission but not for the successive decays. For large velocity boosts, which is the case for particle emission from light targets such as carbon, the approximation is crude, particularly for low-energy emission. In the present work, therefore, the CM to LAB transformation is performed using an empirical prescription that the moving source model [16] and the Kalbach systematics [17] are applied to the evaporation and preequilibrium components, respectively.
RESULTS AND DISCUSSION
Neutron total cross sections of 12 13 C were evaluated by fitting measured data for energies from 20 MeV to 600 MeV with a least-squares code GMA [18] and by using the Niita systematics [13] for energies above 600 MeV. The neutron elastic cross section was obtained by subtraction of the reaction cross section calculated by the OPTMAN code from the total cross section at each incident energy. The CC-SRM calculations with the parameters [6] were adopted as the evaluated angular distributions of nucleon elastic scattering from 12 C. For an odd nucleus, 13 C, the coupled-channel calculation was made using the OPTMAN code with a rigid-rotator option. The optical potential parameter used was same as that of 12 C, but an isospin term was included. The evaluated neutron total, elastic, and reaction cross sections for 12 C are shown in Fig. 2 , and compared with experimental data [19] and the LA150 evaluation [2] . A comparison between the evaluation and experimental data of elastic angular distributions for 12 C is shown elsewhere [6] .
In GNASH calculations, the following optical potential parameters for composite particles were used: Daehnick et al. [20] for deuteron, Watanabe [21] for triton, and Ingemarsson et al. [22, 23] for 3 He and α. The Ignatyuk level densities [11] were employed with a default parameter set. Some modifications were made in the preequilibrium exciton model calculation: i) the Kalbach normalization factor was determined in order to obtain overall good agreement with measurements of (p xp) spectra for energies up to 150 MeV, ii) the surface effect was taken into account in preequilibrium two-nucleon emission in the same way [24] as used already in singlenucleon emission, iii) the direct pick-up components of deuteron, triton, and 3 He calculated using a phenomenology [25] were adjusted so as to provide good agreement with experimental DDX data at 68 MeV [26] , and the α knockout component was ignored, and iv) the component with the exciton number 3 for deuteron emission was ignored and replaced by the DWBA cross section for the direct pick-up transition to the ground state. Figure 3 shows light-particle production cross sections for the n+ 12 C reaction. The evaluated cross sections are compared with the LA150 evaluation and experimental FIGURE 2. Total, elastic, and reaction cross sections for neutrons on 12 C. The solid line is the JENDL-HE evaluation and the dotted one is the LA150 evaluation. The experimental data are taken from the EXFOR database [19] .
data [27, 28, 29] . The GNASH prediction for the proton production was multiplied by a factor of 1.3 so as to reproduce the measured data of Slypen et al. [29] . It should be noted that the present evaluation includes the production of triton and 3 He, while there are no data in the LA150 library. The DDX data of (p xn) reactions are presented in Fig. 4 for 113 MeV and 3 GeV. Good agreement is obtained except for the high-energy end at 7.5 degrees for 113 MeV, while the LA150 evaluation overestimates the measurement remarkably at emission energies below 30 MeV. This implies that the CM to LAB transformation of the equilibrium components using the moving source model [16] is a better approximation than the conventional way [15] for light-target nuclei. Satisfactory agree- ment with the measurement [31] over the whole energy and angular ranges at the incident energy of 3 GeV indicates that the QMD+GEM framework is a suitable way of predicting neutron production yield from high-energy proton-induced spallation reactions.
Several isotope production cross sections were evaluated by fitting their available experimental data in protoninduced reactions on 12 C. In addition, the JQMD/GEM calculations were applied for energies below 150 MeV for some isotope production reactions in order to obtain a rather smooth connection between GNASH and JQMD results. The JQMD/GEM calculation for each isotope was normalized to a few experimental data [30] at energies above 1 GeV. The same normalization factor was used for the JQMD/GEM prediction for the neutroninduced reactions.
SUMMARY AND CONCLUSIONS
We have evaluated the following cross sections for nucleons up to 3 GeV on 12 13 C, using experimental data, nuclear model calculations, and systematics: neutron total cross sections, nucleon elastic scattering cross sections and angular distributions, nonelastic cross sections, production cross sections and double-differential cross sections of secondary light particles (n, p, d, t, 3 He, α, and π) and gamma-rays, and isotope production cross sections. The evaluated cross sections have been accepted finally as a part of the JENDL High-Energy File (JENDL-HE) [12, 33] . A benchmark test to validate their accuracy is planned in the future.
